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Objective: The direct measurement of the ability to perform physical tasks yields information about
factors contributing to poor function and insights into strategies for preventing disability. Our goal was to
evaluate the relationship of walking speed and balance tests with speciﬁc radiographic features of knee
and ankle osteoarthritis (OA).
Methods: A timed eight foot walk and a standing balance test were performed by 138 participants of
a longitudinal observational study of knee OA progression. Radiographic features of OA severity, joint
space narrowing (JSN), a surrogate for cartilage loss and osteophyte (OST) formation, were assessed for
the knee and ankle. The association of these performance measures with radiographic OA was evaluated
using correlation analysis, adjusted for age, gender, body mass index (BMI), and number of comorbidities.
Results: Knee and ankle JSN, but not OST, was negatively associated with speciﬁc performance tests:
walking speed was associated with knee JSN (Spearman rho ¼ 0.20, P ¼ 0.02) and balance was asso-
ciated with ankle (subtalar joint) JSN (Spearman rho ¼ 0.22, P ¼ 0.01). These relationships remained
signiﬁcant upon further control for knee and ankle pain.
Conclusions: Structural joint damage due to OA (JSN in contrast to OST) negatively impacted speciﬁc
domains of physical performance. These results indicate that targeting speciﬁc joints for speciﬁc func-
tional outcomes may be indicated, and suggest that prevention of cartilage damage in these joints is
a sensible target for OA disease modiﬁcation to prevent disability.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is themost common cause of disability in the
Western World. It is estimated that symptomatic OA affects 12% of
those over the age of 60 in the United States1. The impact of severe
OA on personal well being has been reported to rival that of
congestive heart failure and end stage renal disease2,3. Additionally,
OA exacts a staggering toll on the US economy and is estimated to
raise medical care expenditures by $185.5 billion annually4. A clear
understanding of the impact of OA on physical function is critical
for the development and targeting of effective interventions to the
appropriate joint sites and impairments, and forms the basis of the
rationale for this study whose objective was to assess the associa-
tion between radiographic OA of the knee and ankle andto: Virginia Byers Kraus,
, NC 27710, United States.
s Research Society International. Pstandardized physical performance tests of gait and balance that
have been linked previously to disability andmortality outcomes1,2.
Although previous studies have found the ankle to be an
important modiﬁer of physical function3e7, they have failed to
assess the severity of ankle OA, quantiﬁed radiographically, and its
association with physical performance tests. Although the Fra-
mingham study suggested that radiographic knee OA is an inde-
pendent marker of disability8,9, physical function was assessed by
self-report rather than by physical performance tests that can
provide information not available from self-report items, particu-
larly for higher functioning elderly adults with no self-reported
disability2. Moreover, to our knowledge, studies evaluating the
association of knee OA and physical function have utilized the
global KellgreneLawrence (KL) grading of radiographic OA but not
individual radiographic features of OA of joint space narrowing
(JSN) and osteophyte (OST) that likely represent different patho-
logic processes in OA 10. In this substudy of the Prediction of OA
Progression (POP) cohort we evaluated the association of lower
extremity disability, measured by walking 8 ft (2.4 m) at a normal
pace, and standing balance ability, with radiographic knee and
ankle OA based on KL grade, JSN and OST severity.ublished by Elsevier Ltd. All rights reserved.
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Subjects
All data for this cross-sectional analysis were derived from the
3-year follow-up assessment of the 138 participants (101 females,
37 males) who returned (of the original 159 participants) for
re-evaluation in the NIH-funded POP study (further described
in11,12). At entry, participants had radiographic OA (KL grade > 1)13
and met the American College of Rheumatology criteria for symp-
tomatic knee OA. By the time of follow-up, a total of 26 individuals
had undergone total knee arthroplasty (four individuals bilateral),
seven individuals had total hip arthroplasty, one had bilateral ankle
arthrodesis and one unilateral subtalar/talonavicular arthrodesis;
there were no individuals with ankle arthroplasty.
Participants were excluded on the basis of inﬂammatory joint
diseases, endocrinopathies, Paget’s disease, neuropathic disorders,
avascular necrosis, use of corticosteroids within the prior 3 months,
and knee arthroscopy within the prior 6 months. Comorbidities
were reported by participant selection of physician diagnosed
diseases from a list that included the following: asthma, cancer,
elevated lipids/cholesterol, dementia, depression, diabetes, heart
disease, hypertension, kidney disease, liver, osteoporosis, Parkin-
son’s disease, stroke, thyroid disease, and depression. Knee symp-
toms were ascertained by the National Health and Nutrition
Examination Survey I criterion 14 of pain, aching or stiffness on
most days of any 1 month in the past year; for subjects answering
yes, symptoms were quantiﬁed as mild, moderate, or severe
yielding a total score of 0e3 for each joint. Ankle symptoms were
ascertained by summing pain scores graded from a homunculus of
the ankles that included grading of the following ankle joint sites:
medial and lateral tibia and medial and lateral talus (each graded
0e3). All study procedures were approved by the Duke Institutional
Review Board.
Radiographic imaging
Knee radiographs
Posteroanterior ﬁxed-ﬂexion weight-bearing knee radiographs
were obtained with the SynaFlexerTM lower limb positioning frame
(Synarc, San Francisco) and a 10 caudal X-ray beam angle 16. Each
knee radiograph was scored by 2 graders (VBK and GM), for KL
grade (0e4), and individual radiographic features of OA of JSN
(0e3) and OST (0e3) scored for the medial and lateral compart-
ments using the Osteoarthritis Research Society International
(OARSI) standardized atlas 15. JSN scores of 0e6 were possible for
each knee and OST scores of 0e12 were possible as all four margins
on the knee joint were scored. For analyses of the association of
radiographic knee OAwithwalking and balancemeasures, the right
and left knee radiographic scores for each feature were summed. A
total of 29% of knee radiographswere reread, blinded to the original
grading, and intraclass correlation coefﬁcients (ICCs) were deter-
mined. JSN ICCs were highest (0.86) followed by OST (0.84). Knee
radiograph ICCs were lowest for KL grade (0.69).
Ankle radiographs
Individual weight-bearing ankle radiographs were performed
with equal distribution of weight on both legs without footwear
and 10 internal rotation of the foot/ankle (mortise view). Lateral
weight-bearing ankle radiographs were obtained individually with
the beam centered on the medial aspect of the joint with the foot/
ankle in 15 external rotation. Ankle radiographs were scored by
a musculoskeletal radiologist (JBR) for KL grade (0e4), JSN (0e3)
and OST (0e3) using the OARSI standardized atlas for knee OA as
a surrogate 15. The mortise radiograph permitted grading of OAfeatures of the medial and lateral aspects of the tibiotalar joint (TTJ)
and the lateral radiograph permitted grading of OA features of the
anterior and posterior aspects of the TTJ. Therefore, for the TTJ, JSN
scores were derived from the mortise view and OST scores were
derived by summing the scores from both the mortise and lateral
views. OA features of the ankle subtalar joint (STJ) were viewed
exclusively on lateral ankle radiographs (See Fig. 1). For each ankle,
possible scores were as follows: for the TTJ 0e6 for JSN, and 0e24
for OST; for STJ 0e6 for both JSN and OST. For analyses of the
association of radiographic ankle OA, gait speed and balance, the
right and left ankle radiographic scores were summed for each
feature and for each joint site (TTJ and STJ). A total of 22% of ankle
radiographs were reread, blinded to the original grading, and ICCs
were determined. JSN ICCs were highest (0.97) followed by KL
(0.93). Ankle radiograph ICCs were lowest for OST (0.90).
Assessment of physical function
Lower extremity physical function was measured by the
following two tests that have demonstrated associations with
disability and mortality outcomes1,2: walking 8 ft (2.4 m) at
a normal pace, and standing balance. The testeretest reliability of
these measures is high1 as demonstrated by correlations between
observers of more than 0.93 for walking speed16, and testeretest
correlations of more than 0.89 for walking speed 16 and 0.97 for
balance 17. For the timed walk, participants in normal footwear
were positioned at the beginning of an 8 ft (2.4 m) course and asked
to walk at their normal pace until told to stop. The time taken to
travel the 8 ft course was measured with a stopwatch. The process
was repeated and the fastest of the two times was used in the
analyses. In our study, for evaluation of association with features of
radiographic OA, results of the 8 ft walk were converted to a gait
velocity in meters per second (m/s). Standing balance was
measured with the feet side by side, then in semi-tandem stance
(heel of one foot in front and beside the big toe of the other foot),
and then in tandem stance (heel of one foot directly in front of the
other foot); each stance was held for up to 10 s. These test results
were converted to scores (range 0e4). Higher scores represent
better function and a score of 0 represents the inability to complete
the test. Subjects were given a score of 1 if they could hold a side-
by-side standing position for 10 s but were unable to hold a semi-
tandem position for 10 s, a score of 2 if they could hold a semi-
tandem position for 10 s but were unable to hold a full tandem
position for more than 2 s, a score of 3 if they could stand in the full
tandem position for 3e9 s, and a score of 4 if they could stand in the
full tandem position for 10 s.
Statistical analyses
Non-parametric Spearman correlation analysis was used to
assess the strength of association between radiographic features of
knee and ankle OA (JSN and OST) with the two types of physical
performance tests. The correlations were conducted in a sequential
manner to explore the effect of possible modiﬁer and mediator
variables. As a ﬁrst step, crude (unadjusted) correlations were
conducted between the radiographic measures and each of the
performance tests. Next, partial correlations were generated by
adjusting for age, bodymass index (BMI), numbers of comorbidities
(aside from arthritis), and gender. Finally, the additional effects of
knee and ankle self-reported pain were added to the above set of
adjusted variables. In this way, we were able to explore how key
potential confounders were affecting the relation between radio-
graphic features of OA and function. P values < 0.05 were consid-
ered signiﬁcant. All analyses were performed using SAS software
v9.1 (Cary, NC).
Table I
Knee and ankle radiographic scores in the POP cohort
Joint site OA
feature
Range
(possible score)
Range
(actual sum score)
Median Grade  1
n (%)
Knee JSN 0e12 0e9 3.0 127 (92%)
OST 0e24 0e22 6.0 119 (86%)
KL 0e8 0e8 4.0 133 (96%)
Ankle TTJ JSN 0e12 0e7 0 20 (15%)
Ankle STJ JSN 0e6 0e6 0 15 (11%)
Ankle TTJ OST 0e48 0e27 3.0 119 (86%)
Ankle STJ OST 0e6 0e5 0 58 (42%)
Ankle TTJ KL 0e8 0e8 2.0 126 (91%)
Higher scores represent increasingly severe radiographic OA.
Fig. 1. Representative radiographs demonstrating the views used to score OA features of the ankle for JSN e solid lines in top panel, and OST e asterisks in bottom panel. Images
aed: TTJ ankle; eef: STJ.
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A total of 138 participants were evaluated representing 246
non-replaced knees and 276 ankles. The cohort consisted of 73%
women, 27% men; mean age (standard deviation, SD) was 66
(SD 11.6) years (range 37e86) and BMI 31.3 (SD 6.9) kg/m2. The
cohort was characterized by a mean of two comorbidities and six
painful joint sites at the time of evaluation.
Knee and ankle radiographic OA status
By design, all participants had radiographic kneeOAKL grade> 1
of at least one knee with knee KL sum scores ranging from 1 to 8. To
assess the impact of joint OA on physical performance, we graded
radiographic features of JSN and OST respectively of the knee and
ankle. As expected, the prevalence of any knee radiographic features
(JSN or OST) in participants was high (86% and 92% respectively).
Interestingly, radiographic ankle OA was prevalent in this knee OA
cohort, demonstrated by the frequency of ankles (58%) with
minimal OA (KL grade  1 scores) observed in 91% of participants;
and deﬁniteOA (KL grade 2) in 15% of ankles corresponding to 22%
of participants. The highest prevalence of radiographic OA of the
ankle in participants was observed for the ankle TTJ (86% with any
OST). A full description of theOA radiographic scores andprevalence
for the knee and ankle in this cohort is provided in Table I.
Physical performance associations with radiographic OA
The mean (SD) gait velocity was 0.99 m/s (0.25). The mean
balance scorewas 3.14 (1.29). Gait velocitywas signiﬁcantly reduced
with increasing number of comorbidities, gender, and knee and
ankle pain (Table II), and borderline negatively associated with age
(P ¼ 0.05). Balance was strongly negatively associated with age
(P < 0.0001) and BMI was negatively associated with gait velocity,but this latter association was not signiﬁcant. Based on these ﬁnd-
ings, age, gender, BMI and numbers of comorbidities were used as
control variables in analyses evaluating the association of radio-
graphic OA and function. Subsequent models additionally
controlled for knee and ankle pain in an effort to understand the role
of structural impairment vs symptoms on physical function.
Knee and ankle radiographic OA were both associated with
impaired physical function, but these different joint sites differen-
tially impacted speciﬁc domains of function (Table III). In models
controlling for age, gender, BMI and numbers of comorbidities, gait
velocity was signiﬁcantly negatively associated with severity of OA
based on knee JSN, and showed a similar but non-signiﬁcant trend
with knee OST. These relationships did not change with additional
control for knee and anklepain (JSN r¼0.19,P¼ 0.03;OST r¼0.16,
P ¼ 0.07 respectively) suggesting that structural impairment of the
knee decreases gait speed. In models controlling for age, gender, BMI
and numbers of comorbidities, balance was negatively associated
with severity of ankle OA based on JSN of the subtalar joints, but not
OST. This association was still signiﬁcant after additional control for
knee and ankle pain (r ¼ 0.19, P ¼ 0.03), suggesting that structural
impairment of the ankle negatively impacts balance.
Table II
Associations of demographics and joint pain with physical performance measures
Gait velocity (m/sec)
(higher better)
Standing balance
(higher better)
Spearman correlation coefﬁcients r, P values
Age 0.17, 0.05 L0.47, <0.0001
BMI 0.14, 0.10 0.01, 0.86
Number of comorbidities L0.20, 0.02 0.05, 0.53
Gender L0.23, 0.006 0.06, 0.47
Knee pain L0.30, 0.0004 0.09, 0.31
Ankle pain L0.25, 0.0027 0.09, 0.31
The bold values represent signiﬁcance in P < 0.05.
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To our knowledge this is the ﬁrst study describing a relation
between individual physical performance tests (gait velocity and
standing balance) and a speciﬁc radiographic feature (JSN) of knee
and ankle OA. In the large EPESE study, both self-reported function
and performance tests of gait and balance were independent
predictors of short-term mortality and nursing home admission2.
However the performance tests provided information not available
from self-report items, namely, for the higher functioning elderly
adults with no self-reported disability at baseline, the base-line
performance tests were associated with a statistically signiﬁcant,
graduated increase in the frequency of disability in the activities of
daily living and mobility-related disability at 4-year follow-up1,2
(relative risk 4.8, 95% Conﬁdence Intervals, (CIs) 2.4e9.6, for
subjects with the poorest scores on the baseline tests of walking
and balance as compared with relative risk 1.9, 95% CIs 1.2e2.9, for
those with the best scores)1. Gait velocity and standing balance
tests can be readily incorporated into large research studies. They
require little time, expense, personnel, or equipment, and can be
performed by elders with moderate to severe disability. The data
from our study, linking JSN to performance tests and thereby to
clinically meaningful disability-related outcomes, suggest that
prevention of cartilage damage in these joints is a sensible target
for OA disease modiﬁcation to prevent disability.
Previous studies evaluating knee OA and physical performance
have utilized the KL grading scale, a metric that does not distinguish
between the individual radiographic features of JSN and OST that
reﬂect different pathological processes. Past studies of balance have
also failed to account for the co-occurrence of knee and ankle
radiographic OA. The availability of knee and ankle radiographs in
the POP cohort permitted both to be evaluated with respect to
physical function.We discovered that ankle OA negatively impacted
balance and that knee OA slowed gait. Our study also demonstrated
that radiographic JSN of the knee and ankle rather than OSTs, was
associatedwith functional impairment. In addition, KL grades of theTable III
Associations of knee and ankle OA with physical performance measures (unadjusted and
Joint site OA feature Gait velocity (h
r*, P unadjusted
comorbidities, g
Knee JSN L0.19, 0.02 (L0
OST 0.16, 0.07 (0
KL 0.12, 0.16 (0
Ankle TTJ JSN 0.06, 0.45 (0.0
Ankle STJ JSN 0.13, 0.12 (0
Ankle TTJ OST 0.03, 0.69 (0.0
Ankle STJ OST 0.03, 0.74 (0
Ankle TTJ KL 0.10, 0.27 (0
The bold values represent signiﬁcance in P < 0.05.
* r ¼ Spearman correlation coefﬁcients.knee and ankle failed to show signiﬁcant associationwith gait speed
or balance tests in models controlling for age, gender, BMI and
numbers of comorbidities, and pain. Others have noted that the KL
grading system is driven primarily by OST size18 and this may
explain the inferior performance of KL relative to speciﬁc assess-
ment of JSN in our analyses. Debate regarding limitations and
strengths of the KL grading system are not new and will likely
continue19. Our results demonstrate the utility of assessing speciﬁc
radiographic features of OA (JSN and OST), as they provided disease
related insights with respect to function over those provided by sole
use of the traditional global KL grade.
Balance is a multifactorial task requiring the processing of sensory
information (vision, proprioception, and vestibular function) and the
subsequent coordinated neuromuscular response expressed as ankle
and knee strength.We found that the scores for the balance testswere
associated with ankle subtalar joint (STJ) JSN on radiograph. Previous
investigators have reported an association between balance and ankle
strength3,5e7, however, radiographic ankle OA was not assessed in
these studies, perhaps based upon the perception that non-traumatic
ankle OA is a rare entity20. A number of studies have demonstrated
anegativeassociationbetweenbalanceandradiographickneeOA2123.
Jaedelis et al. reported that in the presence of knee pain, the best
measure of dynamic balance during forward and backward lean was
a combination of strong knees and strong ankles, each independently
accounting for 18%, and collectively 22% of the variability in dynamic
balance. This model also predicted that knee OA patients with weak
knee strength could still maintain high levels of dynamic balance by
having strong ankle strength3. In our study, balancewas not associated
with radiographic features of knee OA or knee KL grade. Of note, the
associationsofbalanceandankleOAinourcohortwere independentof
joint pain and BMI, two factors shown in the past to be associatedwith
balance. Associations of reduced gait velocity with degenerative
changes in the knee have previously been reported. Astephen et al.
stratiﬁedacohortaccordingtokneesymptoms,expectantarthroplasty,
and the presence and absence of OA, and found that gait speed
decreased incrementally with increased severity of knee OA4.
The cycle of frailty is an emerginghypothesis describing a series of
interrelated pathways leading to functional decline in the
elderly24,25. Importantly, balance and walking disabilities lie within
these pathways and represent opportunities for early intervention.
Numerous creative interventions are currently available for lower
extremity disability and include progressive resistance training,
yoga, Tai Chi, kneebracing, subtalar and talonavicular joint strapping,
aqua training, proper footwear, and orthotics. Efforts are ongoing to
determine the most efﬁcacious combination of these modalities.
Limitations of this study include the modest overall size of our
cohort and the higher prevalence of mild, relative to moderate or
severe ankle OA, and the modest, albeit statistically signiﬁcant
correlations of knee and ankle JSN with physical performance. Inadjusted for age, gender, BMI, number of comorbidities)
igher better) Standing balance (higher better)
; (r, P adjusted for age, BMI, comorbidities, and gender); [r, P adjusted for age, BMI,
ender, knee and ankle pain]
.20, 0.02) [L0.19, 0.03] 0.04, 0.62 (0.03, 0.72) [0.02, 0.81]
.16, 0.06) [0.16, 0.07] 0.01, 0.91 (0.01, 0.88) [0.01, 0.92]
.12, 0.16) [0.12, 0.16] 0.02, 0.80 (0.01, 0.88) [0.02, 0.86]
2, 0.79) [0.08, 0.37] 0.15, 0.08 (0.05, 0.56) [0.02, 0.83]
.09, 0.28) [0.05, 0.56] L0.29, 0.0006 (L0.22, 0.01) [L0.19, 0.03]
6, 0.50) [0.05, 0.58] 0.03, 0.72 (0.01, 0.96) [0.002, 0.98]
.16, 0.06) [0.02, 0.80] 0.10, 0.23 (0.01, 0.88) [0.01, 0.87]
.04, 0.68) [0.01, 0.96] 0.19, 0.02 (0.12, 0.16) [0.10, 0.24]
G. McDaniel et al. / Osteoarthritis and Cartilage 19 (2011) 634e638638summary, this pilot substudy has demonstrated that structural joint
damage due to OA (JSN in contrast to OST) negatively impacted
speciﬁc domains of physical performance. These results indicate
that targeting speciﬁc joints for speciﬁc functional outcomesmay be
indicated.We recommend further study of radiographic OA in these
several lower extremity joints for their utility in research protocols
and as potential targets for early intervention to prevent disability.
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